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Abstract 
In this study, two variations of WBC (Wire-woven Bulk Cross) fabricated using straight wires instead of helical wires are 
introduced, and their mechanical properties under compression or shear loading are investigated by numerical simulation and 
experiments. The benefits and potential are discussed in comparison to ordinary WBC and the other wire-woven metals. 
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1. Introduction 
Wire-woven metals are a kind of PCMs (Periodic Cellular Metals) with truss-like structures composed of wires. 
In fact, wires have several merits as raw materials to be used to fabricate PCMs. Namely, wires are easy to achieve 
high strength without defect, to produce at low cost, and to handle during fabrication process.  Textile core, WBK 
(Wire-woven Bulk Kagome), Strucwire, WBD (Wire-woven Bulk Diamond) and WBC are the representative wire-
woven metals, which have been introduced over the past decade (Sypeck et al. (2001), Lee et al. (2007), Kieselstein 
et al. (2009), Lee et al. (2012), Lee et al. (2013)). 
Lee et al. (2013) investigated the strength and stiffness of WBC oriented in two different ways under compression 
and shear load according to the slenderness ratio of the struts composing the structure. In X-orientation, the 
resistance of the struts against axial elastic buckling was relatively much higher than WBK and WBD regardless of 
the orientation, unless the brazed joints broke at high relative density or slenderness ratio. And the previous studies 
of mechanical properties have revealed that the curved struts of the structures cause substantial degradation in the 
strength and stiffness. 
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In this study, two variations of WBC, named semi-WBC and straight-WBC are introduced. In the variations, 
helically formed wires in an ordinary WBC are partly or totally replaced with straight wires to achieve the higher 
shear strength and modulus, and the fabrication processes are modified to enhance productivity. And the strength 
and modulus of the semi-WBC and straight-WBC with X-orientation under compression and shear load are 
investigated by theory, experiments, and FEA. 
1.1. Geometry and analytic solutions 
Figure 1(a), 1(b), and 1(c) depict the unit cells of ordinary WBC, semi-WBC, and straight-WBC in X-orientation, 
respectively. Ordinary WBC is composed of helical wires with constant helical radius, R
h
 = 0.5 d, in all three 
orthogonal directions, the semi-WBC is composed of straight wires in two directions and helical wires in the third  
direction. Note that helical radius of the wires is twice that of the helical wires in the ordinary WBC. The straight-
WBC is composed of straight wires only. For Cross truss composed of straight struts which are penetrating each other 
at joints, the relative density, ρ , equivalent compression strength, 

σ , equivalent shear strength, τ , equivalent 
compression modulus,   and equivalent shear modulus,   in X-orientation are given as follows:  
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Here, σo, E, c are the yield strength, Young’s modulus of wires, and the half pitch, respectively.  
 
 
 
Fig. 1. Unit cell of (a) ordinary WBC, (b) semi-WBC and (c) straight-WBC. 
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Fig. 2. The schematics of assembly process of semi-WBC and straight-WBC 
specimens. 
Fig. 3. Specimens of (a) semi-WBC, (b) straight-WBC 
Compression and Shear test. 
2. Experimental 
2.1. Preparation of specimens 
The material for the core wires and face sheets used to fabricate the core was stainless steel SUS 304. The 
electric-resistance welded meshes, which were commercially available were used, which gave a significant benefit 
in terms of productivity and handling. The diameter of the wires is d = 0.98 or 1.18 mm. The pitch, which is four 
times the strut length, c/2, was fixed as 2c = 25.4 mm and the helical radius was Rh=d/2. Figure 2(a) and 2(b) depict 
the schematics of assembly processes of the semi-WBC and straight-WBC specimens, respectively. First, the 
multiple welded meshes were parallel stacked at a constant interval, c/2. Every second mesh was shifted by c/2 in 
each of the two in-plane directions along which the wires were arranged. Then, as shown Figure 2(c) for the semi-
WBC, additional helical wires were screwed into the multiple layers of the welded meshes in the direction 
perpendicular to the mesh plane, i.e., z-direction. For the straight-WBC, additional straight wires were simply 
inserted through square openings of the multiple layers of the welded meshes in z-direction. When an assembly of 
the straight-WBC is placed so that z-axis is parallel to the horizontal plane, as shown in Figure 2(d), the inserted 
straight wires were positioned by themselves, due to gravity as intended, and stably supported by the welded 
meshes. The brazing process used to fix the assembly were the same way as in Lee et al. (2013). Hence, electric 
resistance welding wire mesh and inserted helical or straight wires were fixed each other by brazing. 
The electro-hydraulic material test system SATEC TC-55 was used to carry out compression tests and shear tests 
of the specimens. For the compression tests, each specimen was compressed between two steel circular platens, 
whose diameters, D = 200 mm, were sufficiently larger than the specimen. The displacement was controlled at 0.005 
mm/s and the load–displacement data were recorded by a data acquisition (DAQ) system. The equivalent Young’s 
modulus was measured by unloading each specimen around the initial yield point by about 30% of the load level at 
which the specimen started to be unloaded. The actual displacement of each specimen was measured by two clip 
gauge, which was installed between the upper and bottom plate.  
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Fig. 4. Compression and shear test of semi-WBC and straight-
WBC.(d/c=0.079 
Fig. 5. Stress-strain curves by FEA and experiment for semi-WBS and 
straight-WBC under compression 
 
 
Fig. 6. : Deformation after the (a) compression and (b) shear tests 
(d/c=0.094). 
Fig. 7. Stress-strain curves by FEA and experiment for semi-WBS and 
straight-WBC under shear. 
 
Shear tests of the WBC cores were performed similarly to ASTM standard C273. Instead of a single long 
specimen, two separate square specimens were mounted at both ends of the jig. Because all the specimens had X-
orientation, some struts near the lateral surfaces did not carry any reaction forces against the external shear load. 
Only the struts connected to both the upper and lower face sheets were regarded to bear the external load and the 
effective area of a specimen that supports an actual load was defined as in Lee et al. (2013). 
3. Results and discussion 
Figure 5 shows the equivalent stress-strain curves measured from the experiments and estimated by FEA for the 
semi-WBC and straight-WBC under compression. The horizontal red lines represent the equivalent compressive 
strengths estimated by Equation (2). The measured stress-strain curves agreed fairly well with those estimated by 
FEA. Specifically, however, the measured the peak stresses were about 10% lower than those estimated by FEA 
ones. Figure 6(a) shows the deformed specimens after the compression tests. The local buckling was concentrated 
along the middle plane in the interior regions and the 45o slopes around the sides, like a slip band. The deformation 
pattern was the same as that observed by Lee et al. (2013) for the ordinary WBC specimen with the low slenderness 
ratio.  
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Fig. 8. Normalized equivalent strength of various wire-woven metals 
and honeycombs under compression according to the relative density. 
Fig. 9. Normalized equivalent modulus of various wire-woven metals 
and honeycombs under compression according to the relative density. 
 
  
Fig. 10. Normalized equivalent shear strength of of various wire-
woven metals and honeycombs under shear according to the relative 
density. 
Fig. 11. Normalized equivalent shear modulus of various wire-woven 
metals and honeycombs under shear according to the relative density 
 
Figure 7 shows the equivalent stress-strain curves measured under shear. The measured stress-strain curves were 
significantly lower than those estimated by FEA. Specifically, the measured the peak stresses were about 30 % 
lower than those estimated by FEA ones. The measured low strength seemed to be due to early break of brazed 
joints between the in-plane wire meshes and the wires inserted in the out-of-plane directions. Figure 6(b) shows the 
deformed specimens after the shear tests. The compressed wires buckled with a short wave length, while the 
tensioned wires buckled with a long wave length. The deformation pattern was the same as that observed by Lee et 
al. (2013) for the ordinary WBC specimen with the low slenderness ratio. Both under compression and shear, there 
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were essentially no difference in deformation pattern and the equivalent stress-strain curves between semi-WBC and 
straight WBC specimens. 
Figures 8 to 11 show the data on the equivalent strength or modulus versus the relative density for the three wire-
woven metals in comparison to those of typical aluminum honeycombs. In the figures, the strengths or moduli data 
were normalized with the corresponding relative densities and yield strengths or Young’s moduli of the mother 
metals to compare the properties regardless of the mother metals.   Figure 8 shows that the normalized compressive 
strengths, rel
c
y ρσσ 0/ , of the semi- and straight WBC are higher than those of the other wire-woven metals., i.e., 
WBK, WBD, and the ordinary WBC, and as high as those of the aluminum honeycomb and textile core. Figure 9 
shows that the normalized Young’s moduli, rel
cE ρσ 0/ , of the semi- and straight WBC are higher than those of 
most other wire-woven metals, but still lower than those of the aluminum honeycomb and textile core. 
Figure 10 shows that the normalized shear strengths, rel
c
y ρστ 0/ , of the semi- and straight WBC are higher than 
those of all the other wire-woven metals and even aluminum honeycombs. Equations (1) and (3) agree fairly with 
the shear strengths estimated by FEA or measured experiment, because the semi- and straight WBCs consist of 
straight struts at least in the loaded directions. Figure 11 shows the normalized shear moduli, rel
cG ρσ 0/ , of the 
semi- and straight WBC are higher than all the other wire-woven metals, and comparable to those of the aluminum 
honeycomb and textile core. Equations (1) and (5) give fairly good estimation of the shear modulus. 
4. Results and discussion 
• The basic equations to evaluate properties of the semi-WBD and straight-WBC cores were sufficiently useful. 
• The strengths or moduli of semi-WBC and straight-WBC under compression or shear are much higher than 
those of WBK, WBD, and ordinary WBC. 
• The normalized strengths of semi-WBC and straight-WBC under compression or shear is comparable to those 
of aluminum honeycomb regardless the relative density. 
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